Objective: To determine whether death and/or neurodevelopmental impairment (NDI) after severe intracranial hemorrhage (ICH; grade 3 or 4) differs by gestational age (GA) at birth in extremely low birth weight (ELBW) infants.
Introduction
Severe intracranial hemorrhage (ICH), which primarily occurs in the first week of life, worsens the neurodevelopmental prognosis of premature infants. [1] [2] [3] [4] [5] [6] [7] [8] Previous studies have not investigated an independent effect of gestational age (GA) on outcome after ICH. Infants born at the lower limit of viability have extremely immature undifferentiated brains. It is not known whether to expect better or worse outcome after ICH at these GA's compared with infants born later in the second trimester of pregnancy. This information could aid clinicians in counseling parents during the early post-natal weeks concerning aggressiveness of care at various GA's after a severe ICH has occurred.
The objective of this study was to determine if death and/or neurodevelopmental outcome after severe ICH differs by GA at birth in extremely low birth weight (ELBW) infants born <29 weeks gestation. Specific aims were (1) to determine if the primary outcome, death or neurodevelopmental impairment (NDI), after severe ICH is more likely in infants born at 23 to 25 compared with 26 to 28 weeks gestation and (2) to determine, among surviving infants, if the prevalence of NDI, after comparable severity of ICH, is influenced by GA. We hypothesized that lower GA is associated with higher risk of death or NDI in infants with a severe ICH.
Methods

Population
This is a retrospective cohort analysis of infants born between 23 and 28 completed weeks of gestation with a birth weight 401 to 1000 g (ELBW) born at or transferred before 2 weeks of age to one of 18 NICHD NRN (Neonatal Research Network) centers during a 5-year period. The presence and severity of ICH was determined from a head ultrasound in the first 28 post-natal days.
Data collection
Demographic, perinatal and neonatal morbidity variables were obtained from the NRN Registry of Morbidity and Mortality (GDB (Generic Data Base)) and neurodevelopmental outcome data were obtained from the ELBW Follow-up Study by trained staff using standard definitions listed in the study's Manual of Operations. Both the neurologic examination and administration of the Bayley Scales of Infant Development II (BSID) 9 were performed by certified examiners who were blinded to the grade of ICH and trained to reliability at each participating Network center.
NDI was defined as including at least one of the following: moderate/severe cerebral palsy (CP) with GMF (Gross Motor Function) score 3 to 5 (ref. 10) , Mental Developmental Index (MDI) or Psychomotor Developmental Index (PDI) <70 on the BSID-II at 18 to 22 months CA (corrected age), blindness (no functional vision in both eyes) or deafness (requiring amplification in both ears). ICH was described by the worst grade noted on HUS within the first 28 days of life. Severe ICH included either grade 3 or 4. Grade 3 ICH referred to the presence of blood in one or both ventricles with ventricular dilatation and grade 4 ICH required the presence of blood (echodensity) in the brain parenchyma.
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Statistical analyses
Bivariate analyses were used to compare characteristics of infants with and without the outcomes of death and death or NDI, and for survivors with and without NDI for infants with no ICH and severe ICH. Student's t-tests for continuous variables and w 2 tests for categorical variables were used in bivariate analyses.
Generalized linear mixed models were created to predict the primary outcome, death or NDI, as well as death and NDI alone among survivors at follow-up. Death was also stratified as before or after 30 days because some infants diagnosed early with severe ICH could have died during the first weeks after withdrawal of support. Although data were collected for infants with all grades of ICH, models were only created for infants without ICH and those with grade 3 or 4 ICH. Predictors for the generalized linear models included demographic, perinatal and early neonatal morbidity variables, and Network center was controlled for as a random effect. Variables in the models to predict death before 30 days included GA at birth (23 to 25 weeks versus 26 to 28 weeks) Apgar score at 5 min, antenatal steroids (ANS) and early infection (positive culture and initial antibiotics >5 days). Additional variables included in models to predict death after 30 days were post-natal steroids (PNS), necrotizing enterocolitis treated medically (NEC medical) or requiring surgery (NEC surgical), late onset infection (culture proven or clinical), cystic PVL (periventricular leukomalacia) and VP (ventriculoperitoneal) shunt for posthemorrhagic hydrocephalus. In addition to the above, models to predict NDI among survivors included maternal education, Medicaid status and bronchopulmonary dysplasia (BPD; O2 at 36 weeks). Models were also created to predict NDI components (CP, MDI<70 and PDI<70), which included the same variables as those to predict NDI. Models to predict blindness or deafness contained only the GA group as a fixed effect and study center as a random effect because there were insufficient numbers of infants with these outcomes to include additional predictors. The generalized linear mixed models produced adjusted odds ratios 435 (8) 18 (4) 69 (7) 99 (8) 103 (8) 87 (10) 59 (11) (39) 107 (65) 295 (53) 319 (41) 324 (36) 168 (26) 114 (29) Abbreviations: ELBW, extremely low birth weight; ICH, intracranial hemorrhage; NDI, neurodevelopmental impairment; NICU, neonatal intensive care unit. a Survived to discharge, transfer or 1 year of age. (ORs) and 95% confidence intervals (CIs) for GA group and for the other covariates in the models.
Results
In all, 6638 infants were enrolled in the GDB during the study period and had a head ultrasound in the first 28 post-natal days. For this study only those infants with no ICH (4104 infants) and those with severe ICH (1352 infants) are included in the analyses (5456 infants total). The distribution of ICH among the different GA groups in the study population is shown in Table 1 . The lower total number of infants enrolled at 27 and 28 weeks is because this Follow-up Study cohort was limited to ELBW (<1000 g BW) infants so those infants at these GA's with BW>1000 g were not included. In all, 72% were known to have survived to 18 months adjusted age. Of the survivors, NDI outcome was determined for 87 and 39% of those had NDI. The demographic and medical characteristics of all infants followed at 18 to 22 months CA can be viewed in Supplementary Table 1 . These infants differed from those lost to follow-up in only a few characteristics including race (4% more were African American), use of ANS (3% fewer) and use of PNS (4% more). In bivariate analysis, the primary outcome, death (at any time) or NDI, and death alone were more prevalent in the lower GA group. NDI alone was also more prevalent among the lower GA group with no ICH or grade 3 ICH. GA did not influence odds of NDI in infants with grade 4 ICH ( Figure 1 ).
The risk-adjusted odds of the composite (any death or NDI), as well as death before 30 days, was higher in the lower GA group for all infants. The adjusted odds of death after 30 days or NDI were significantly higher in infants born at 23 to 25 weeks for infants with no ICH or grade 3 ICH. The adjusted odds of death after 30 days or NDI alone were only higher in the lower GA group for infants with no ICH. GA group was not associated with death after 30 days or NDI or with NDI alone for infants with grade 4 (Supplementary Table 2 ). Infants with grade 4 ICH in both GA groups had an incidence of NDI near 70% and combined death after 30 days or NDI near 80%.
More deaths occurred before 30 post-natal days compared with after 30 days in the lower GA infants with no or grade 3 ICH. In infants with grade 4 ICH, this was true at all GAs except 28 weeks. Survival without NDI ranged from 22% at 23 weeks to 60% at 28 weeks for infants with no ICH. For infants with severe ICH, this percentage was much lower ranging from B5 to 40% with increasing GA in infants with grade 3 ICH and from 5 to 20% in infants with grade 4 ICH (Figure 2 ). Besides lower GA, a few additional factors increased the odds of death in the first 30 days for infants with severe ICH. For grade 3 ICH these included SGA (small for gestational age) (OR: 2.56; CI: 1.78, 3.70), low 5 min APGAR (OR: 1.68; CI: 1.07, 2.66) and no ANS (OR: 3.10; CI: 1.97, 4.87) . GA was the only significant factor for grade 4 ICH. Both surgical NEC and late onset infection increased the risk of death after 30 days in infants with severe ICH. Other significant morbidities contributing to later death were cystic PVL for grade 3 and medical NEC for grade 4 ( Table 2) .
In a mixed linear model, lower GA was not significantly associated with NDI among survivors with grade 3 ICH (OR: 1.64; 95% CI: 0.93, 2.89). Factors that predicted NDI among survivors with grade 3 ICH included less maternal education, black non-Hispanic race (versus white non-Hispanic), and male gender, as well as late onset infection, PNS and post-hemorrhagic hydrocephalus requiring a shunt. Need for a shunt had the greatest OR (3.33; 95% CI: 1.48, 7.48) in these infants (Supplementary Figure 1) .
Among surviving infants with grade 4 ICH, lower GA was also not associated with NDI (OR: 0.98; 95% CI: 0.48, 1.99). Neonatal variables that contributed to NDI were male gender, C-section, medical or surgical NEC and need for a shunt. NEC and shunt had (Figure 3 ). In models to predict the components of NDI among survivors with severe ICH, only odds of MDI<70 was greater in younger infants. Risk of deafness was also greater in younger infants with grade 3 ICH, but not grade 4 (Table 3 ). In the same models, when other demographic (in addition to GA), perinatal and neonatal variables were tested to determine which factors independently contribute to 2 or more of the most prevalent individual components of NDI (CP, MDI<70 or PDI<70), male gender and need for a shunt for post-hemorrhagic hydrocephalus was significant in infants with grades 3 and 4 ICH. BPD and PNS were also significant in infants with grade 3 and NEC in infants with grade 4 ICH ( Table 4) .
Discussion
Reports of CP and cognitive delay after severe ICH, in general, have grouped ELBW infants of different GAs together. Our study sought to answer whether the most immature infants do better or worse with comparable severity of ICH. In the multicenter cohort studied, we found that death was associated with lower GA in infants with and without severe ICH. However, NDI and most of its components were not associated with GA in infants with severe ICH. This information will help inform clinicians when discussing prognosis, level of support and appropriate subsequent care in infants at different GA's diagnosed with severe ICH in the first weeks of life.
Multiple factors contribute to the early death of premature infants. [12] [13] [14] [15] In our study, lower GA contributed significantly to early death for all infants studied. For infants with grade 3 ICH, in addition to lower GA, SGA, low APGAR and lack of ANS contributed significantly to early death. There were no additional significant factors, besides lower GA, for infants with grade 4 ICH. Possible explanations for this would be that infants with grade 4 ICH also had the most severe respiratory failure leading to early death or that parents chose to withdraw support in those infants with the most severe ICH.
Tyson et al. 16 demonstrated that factors other than GA must be considered when predicting a favorable outcome in extremely premature infants at the time of delivery. These are sex, exposure to ANS, singleton or multiple and birth weight. However, once a baby is delivered and admitted to the intensive care nursery, clinicians need to know the relative importance of multiple factors in the context of the evolving clinical picture, including the occurrence of serious neonatal morbidities such as ICH. We also found that gender and exposure to ANS were important factors for survival.
Several reports from Network centers demonstrate that late onset infection and NEC contribute to later death and higher risk for NDI in all groups of premature infants. [17] [18] [19] [20] [21] We found this to be true in infants with all grades of ICH. Figure 2 Death (before and after 30 days) and neurodevelopmental impairment (NDI) by gestational age (GA) at birth and intracranial hemorrhage (ICH) grade among infants with known outcomes. infants requiring a surgical procedure for NEC have a high risk of not surviving to discharge, independent of degree of ICH or GA. Many reports of outcome in the neonatal literature have death or NDI as the primary outcome. In most studies, incidence of death includes both early and late deaths. Early death can also have various definitions (<12 h, <7 days, <30 days, etc). When examining which perinatal and neonatal factors are significant contributors to death, it is important to separate early and late death (as we did in this study) since later occurring factors such as late onset infection, NEC, use of PNS, diagnosis of BPD (O2 at 36 weeks), need for a shunt and development of cystic PVL may appear as protective for any death since they could not be diagnosed if the child died early. In our study, any death or NDI was significantly associated with GA for infants without ICH as well as those with severe ICH, but death after 30 days or NDI did not differ by GA group in those infants with grade 4 ICH. Survival without NDI progressively increased with increasing GA from 23 to 26 weeks. The lack of increase, or even slight decline, in the percentage of infants who survived without NDI in the 27-and 28-week infants is probably due to the increased percentage of infants with BW at the lower end of normal (or even SGA infants) enrolled at these ages.
Male gender has been found to increase risk of death, pulmonary complications and NDI in premature infants. 22, 23 The higher incidence of RDS and BPD in male infants may account for some of the male disadvantage but other factors, as yet not identified, also likely play a role. PNS have been associated with an increased incidence of CP and poorer cognitive and motor development. 24 While the use of PNS has decreased greatly, it is still used in infants with the highest risk of severe BPD. Whether being more selective in choosing appropriate patients and using lower doses of steroids than in earlier trials will abolish this association remains to be seen. 25, 26 In generalized linear mixed models, GA group was not a significant factor in determining overall NDI in infants with severe ICH. However, gender and need for a shunt were both significantly associated with NDI in infants with either grade 3 or 4 ICH and NEC and C-section was associated with NDI in infants with grade 4 ICH. The finding that C-section is associated with worse outcome probably is due to the likelihood that a C-section occurred either due to significant maternal illness (for example, severe preeclampsia) or significant fetal distress (for example, placental abruption). Infants born prematurely to moms with preterm labor secondary to conditions such as premature cervical dilatation would more likely have been born vaginally. In addition, when some of the components of NDI (CP, MDI<70, PDI<70) were examined to determine what factors contributed to their occurrence, male gender, NEC and need for a shunt were significant for some but not all components. Grade 4 ICH, also referred to as intraparenchymal echodensity or periventricular hemorrhagic infarction, is defined in this study by the presence of blood (echodensity) in the brain parenchyma. This may have been present in the periventricular white matter or other areas of the brain and is not necessarily associated with blood in the ipsilateral ventricle. In this study, no distinction is made between unilateral and bilateral lesions. This definition and lack of information on laterality is different than that used in other reports of outcome after grade 4 ICH and is the main limitation of this study. 2, [4] [5] [6] 8 A recent study by Maitre et al. 4 showed better outcome after unilateral versus bilateral grade 4 ICH. In fact, one group of infants with unilateral hemorrhage had normal or near normal cognitive development with a spectrum in severity of contralateral motor impairment. 4 It has also been suggested that size and location of parenchymal blood, as well as the presence or absence of midline shift, may be used to score a periventricular hemorrhagic infarction and predict NDI. 1, 27 The need for a shunt for post-hemorrhagic hydrocephalus has also been found to be associated with poorer outcome, including both cognitive and motor performance on the Bayley, CP and visual impairment in infants with grades 3 or 4 ICH. 28 Possible reasons for this finding include (1) persistent hydrocephalus causing further damage to the white matter surrounding the ventricle leading to injury of the motor neurons and (2) shunt failure and infection, which are common in some infants, leading to further neuronal loss. Maitre et al. 29 also found an increased incidence of NEC in extremely premature infants with grade 4 IVH. In that study, NEC also worsened the developmental outcome of infants with severe IVH.
The main strength of this study is the large number of infants enrolled from multiple centers participating in the NICHD NRN. However, it has been shown that there are center differences that need to be accounted for when reporting multicenter results in death and neurodevelopmental outcome. 30 Some of these center differences are in defining viability that impacts the incidence of early death, treatment practices including parameters for supplemental oxygen that impacts the diagnosis of BPD, use of PNS, incidence and types of late onset infections and NEC, and demographic variables such as race and maternal education as well as distribution of private versus Medicaid insurance. 31 We controlled for correlation between infants at the same center by including center as a random effect in the models.
Conclusion
When all common risk factors for NDI are considered, lower GA is important in predicting early death in premature infants, but not NDI among survivors with the most severe ICH. Male infants with a grade IV ICH who subsequently develop NEC and/or require a VP shunt for post-hemorrhagic hydrocephalus have the worst longterm developmental prognosis. Important factors that contribute to death and/or NDI that are potentially preventable with further advances in neonatal care are late onset infection, severe NEC, BPD and the use of PNS. Factors that are not preventable, but also significantly contribute to poorer outcome, include male gender and the need for a VP shunt. Decreasing incidence of BPD, NEC, late onset infection and the use of PNS in infants with severe ICH may improve outcome. In addition, being better able to predict, in the first post-natal weeks, which infants with severe ICH will develop post-hemorrhagic hydrocephalus requiring shunt placement would also be helpful for clinicians when counseling parents regarding care options early in the hospital course.
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